The orientation of cell divisions is key to the final morphology of multi-cellular organs, but it is still poorly understood how individual cells "decide" which direction to divide. The early development of the Arabidopsis embryo, with highly predictable cell division planes, offers an excellent model to address this question. Many mutants show defects in division orientation, but the underlying cellular basis for such changes in division has not been addressed, due to the absence of appropriate tools.
The highlighted paper (Liao and Weijers, 2018) developed tools and protocols to visualize the cellular basis for oriented cell division during early embryo development. Dolf Weijers has studied various aspects of Arabidopsis embryogenesis since his Ph.D. and postdoctoral studies, and since 2006 has led a research group focused on understanding the principles underlying multicellular development in plants. Recent efforts are directed at mapping transcriptomes (e.g. Palovaara et al., 2017) , identifying genetic regulators of patterning (e.g. M€ oller et al., 2017) , and understanding the cell biology of embryogenesis (e.g. Yoshida et al., 2014) . The first author, Che-Yang Liao, is a Ph.D. student who previously developed tools and methodologies that allow readouts of the auxin response (Liao et al., 2015) .
So what is in the Liao and Weijers (2018) toolbox? Their protein reporter collection comprises uniformly localized plasma membrane proteins, as well as a set of polarly localized proteins that mark the apical, basal, central or peripheral plasma membrane. Additionally, there are reporters for plasmodesmata, endosomes, trans-Golgi, tonoplast, nuclear pores and cytoskeleton components. In many previous studies, such reporters were expressed from the CaMV35S or UBI (ubiquitin) promoters, which have limitations, such as morphological phenotypes due to overexpression (e.g. Dyachok et al., 2014) . Instead of these, they used two promoters to drive the expression of their collection of markers: WOX2, which is embryo-specific, and RPS5A, which is expressed in all dividing cells. For convenience, they termed these lines ACE (for Arabidopsis Cellular markers for Embryogenesis); thus ACE-W for the WOX2 promoter lines and ACE-R for the RPS5A promoter lines.
The ACE-R lines were not analyzed in detail in the highlighted paper, which focused on the early development of the embryo, because their uniform expression in the endosperm and maternal tissues made imaging the embryo more difficult. However, Dolf pointed out that the ACE-R lines will be useful for anyone studying cell biology in meristems, the suspensor, post-globular stage embryos, and the female gametophyte. They did use the ACE-R lines to validate sub-cellular expression patterns of the reporters, by comparison with previously reported transgenic lines. Indeed, it was by comparing cytoskeletal markers in embryos (ACE-W) and roots (ACE-R) that they discovered they needed better preservation methods to assess cytoskeletal structures in embryos. After trial and error, they developed mounting media that preserved microtubules and actin structures long enough for imaging in embryos.
With these tools in hand, they asked when polarity axes are established -expecting that it must occur by the 16-cell stage, when a key asymmetric cell division, separating the protoderm from the inner cells, occurs. Figure 1 shows that the plasma membrane proteins used have different localization patterns -central for BOR1, homogenous for PIP2 and peripheral for NIP5;1. By comparing the signal intensity of BOR1 with the signal intensity of PIP2, they were able to show that as early as the 4-cell stage, BOR1 was polarly localized at the central plasma membrane. The NIP5;1 marker and PIP2 were similarly localized homogeneously at the 4-and 8-cell stages, but by the 16-cell stage, NIP5;1 was peripherally located. Together these results suggest that the ability to direct particular proteins to distinct domains of the plasma membrane is established by the 4-cell stage, almost as soon as outer and inner membranes are physically separated.
In other cells used to study oriented cell division, actin, vacuoles and other organelles asymmetrically localize before division, and in some cases nuclear migration underlies changes in the cell division plane. Because embryo cells are very small, they didn't expect that organelle positioning would be a factor, but checked just to be sure -indeed, they found no cytoplasmic asymmetries that correlated with the anticipated cell division orientation. They also showed that the cytoskeleton structures in early embryos were oriented as expected for the upcoming cell division.
They plan to use these markers to determine how auxin response controls oriented cell division (Yoshida et al., 2014) . They are also generating multi-color lines with combinations of markers, so that correlations between sub-cellular structures can be studied in wild-type and mutant backgrounds. For example, introducing these reporters into mutants that affect the cytoskeleton, cell division orientation, or developmental patterning should allow Dolf's group (and others) to determine which properties of the cytoskeleton (filament length, density, crossover number, order) correlate with 3D cell geometry and with the future division plane. Most importantly, they hope to identify the regulators that establish polarity at such an early stage. These marker lines are available upon request. Dolf hopes that this toolset will lower the threshold for others to embark on studies in this beautiful developmental system!
